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1.  Statement  of  Problem 

The  problem  as  stated  in  the  original  research  proposal  was  to 
develop  a theory  of  high  intensity  multinode  gas  lasers  and  to  incorporate 
collision  effects  into  the  theoi'y  wherever  possible.  In  practice,  the 
laser  theory  and  collision  problems  were  studied  separately.  Tn  the  area 
of  laser  theory,  we  sought  to  connect  previous  theories  of  a high  intensity 
single  mode  gas  laser  and  to  provide  new  computational  methods  for  solving 
that  problem  which  coxxld  be  generalised  to  multimode  thoorj/'.  V.’e  also 
sought  a better  understanding  of  the  physical  processes  occurrir*g  in  high 
intensity  lasers.  Our  studies  of  collision  effects  in  atomic  and  molecular' 
systemsvere  strongly  influenced  by  the  rapid,  advances  tliat  were  occurring 
in  Doppler- free  laser  spectroscopy.  Our  goal  in  this  area  became  to 
formulate  methods  by  which  one  could  use  laser  spectroscopic  teciinlques 
to  obtain  both  differential  and  total  cross  section  data  for  the  ground 
and  excited  states  of  atoms  or  molecules.  This  information  could  then 
be  used  in  t)ie  master  equations  of  laser  theory;  in  tl\is  way,  one  could 
incorporate  collision  effects  into  laser  theory.  l^Tiile  working  in  tlie 
area  of  laser  spectroscopy,  we  were  led  to  study  problems  related  to  re- 
sonance fluorescence  and  laser  propagation  effects. 

2.  Content  of  the  Report 

The  technical  res\ilts  obtained  under  this  Grant  for  the  period 
15  August,  1973  - 30  June,  197^,  have  already  been  described  in  previous 
Progress  Reports  (in  particular,  the  Progress  Report  for  the  period  1 
October,  1979  - 30  Juno,  197^*,  was  quite  extensive).  Moreover,  almost 
all  of  the  research  carried  out  under  this  Grant  has  been  or  is  in  tlie 
process  of  being  publislied  in  readily  available  technical  Journals. 
Consequently  the  remainder  of  this  report  will  consist  of  (l)  A sximmary 
of  the  researcii  carried  out  for  the  period  1 July,  197f>  - 31  May»  1977, 

(2)  A brief  summary  of  the  major  results  obtained  over  the  period  of 
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the  Grant,  (3)  a list  of  personnel  involved  in  the  project,  and  {h) 
a list  of  publications  associated  with  the  research  carried  out  under 
this  Grant. 

3.  Sunmary  of  Research  Findings  for  the  period  1 July,  lOJC  - 31  ’'iay»  1977 

Our  study  of  the  effects  of  collisions  on  the  line  shapes  asso- 
ciated with  two  and  three  level  atomic  and  moiccular  systems  has  been  more 
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fully  developed.  In  an  earlier  publication  , we  had  used  a plienomeno- 
logical  propagator  to  account  for  the  way  in  which  collisions  change  the 
velocity  associated  with  the  populations  of  the  various  levels  of  the 
atomic  system  under  consideration.  Ve  have  been  al>le  to  re-solvethe  problem 
using  a somewhat  more  conventioneJ.  and  realistic  propagator  based  on  the 
Keilson-Ptorcr  collision  kernel  (see  ref.  l).  In  doing  so,  we  now  have  a 
theory  that  is  valid  over  the  entire  range  from  "weak"  to  "strong"  velocity- 
changing  collisions. 

The  physical  system  under  investigation  consists  of  either  two 
or  three  level  atoms  subject  to  two  ex1 ;rnal  laser  fields  and  collisions 
with  perturber  atoms.  One  laser  field  (pump)  is  in  near  resonance  with 
one  of  the  transitions  in  the  atoms  and  can  excite  a specific  velocity 
ensemble  of  the  atoms.  The  second  laser  field  (probe)  is  in  near  re- 
sonance with  the  same  or  n coupled  transition  and  probes  any  changes  in  the 
velocity  t)iat  have  occurred  as  a result  of  collisions . The  line  shapes  in- 
volved are  also  sensitive  to  the  effects  of  "phase-interrupting"  collisions 
which,  in  turn,  are  reDatcd  to  tlie  total  clastic  scattering  cross  sections 
for  the  various  levels.  Thus  the  line  shape  can  serve  to  monitor  differ- 
ential (velocity-changing)  and  total  cross  sections.  Both  steady-state 
and  transient  type  experiments  were  analyzed. 

A simple,  but  not  unreasonable  collision  model  was  adopted,  in 
which  collisions  wliere  "phase-interrupting"  in  their  effect  on  off-diagonal 
density  matrix  elements  and  "velocity-changing"  in  their  effect  on  diagonal 
density  matrix  elements.  Within  this  model,  we  showed  how  to  systematically 

•Superscripts  refer  to  references  in  Section  C of  this  report. 
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extract  cross  section  data  from  the  probe  absorption  Hne  shape  by  uslnc 
different  pimp  dettinings.  The  calculation  was  carried  out  In  perturbation 
theory  in  the  laser  fields,  but  no  assumption  on  tlic  ratio  of  the  de- 
tunincs  and  widths  to  the  Doppler  width  was  employed.  Predictions  of 
the  theory  include  the  existence  of  the  veil  known  narrow  saturated 
absorption  resonance  and  a backproiuid  "shoulder"  due  to  velocity-changing 
collisions.  It  was  also  pointed  out  that  the  narrow  resonance  can  ex- 
hibit a width  with  a nonlinear  pressure  dependence  at  low  pressures . In 
a collaborative  effort  with  tlie  group  at  Orsay,  France,  experimental 
verification  of  various  aspects  of  the  theory  has  started  to  aripear.° 

Current  research  involves  explicit  numerical  evaluations  of 
tJie  line  shapes  appearing  in  reference  1 and  an  explanation  for  the 
various  types  of  structure  that  appear  in  those  line  shapes.  Moreover, 
we  are  exploring  the  consequences  of  different  collision  models.  For 
example,  if  the  collision  interaction  is  the  same  for  two  or  three  of 
the  levels  of  the  atoms,  then  collisions  will  be  "velocity-changing"  in 
their  effect  on  off-dj  agonal  density  matrix- elements . This  type  o'"  model 
will  lead  to  the  possibility  of  line  narro’.ring  with  increased  pressure. 

^1.  Brief  Summary  of  Research  Results  Obtained  Under  the  Orant 

. A.  High  Intensity  Laser  Theory  - Uew  computational  techniques 
for  studying  the  problem  of  a high  intensity  single  mode  gas  laser  were 
developed.^  Among  these  were  a backward  recursion  method,  an  integral 
equation  approach  and  direct  numerical  solution  of  the  differential 
equation  with  periodic  boundary  conditions.  Such  methods  should  he 
useful  in  the  multimode  problem  where  conventional  continued  fraction 
techniques  can  not  be  easily  applied.  We  were  also  able  to  connect 
several  previous  theories  of  the  high  Intensity  laser,  providing  an 
overall  unity  to  these  theories. 

Additional  Insight  into  the  physical  processes  occurring  when  two 
or  more  high  intensity  fields  interact  with  atoms  was  obtained  in  a 
Generalized  Dressed  Atom  Approach  (GDAA).  In  the  GDAA,  we  used  part  of 
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each  field  to  "dross"  the  atoms  and  considered  the  interaction  of  the 
remaining  interaction  ("prohe")  with  these  dressed  atoms.  In  this  model 
we  were  able  to  semi-quantitatively  predict  to  the  position  of  resonances 
which  occur  in  graphs  of  the  spatially  averaged  population  inversion  in 
a standing  wave  gas  laser  as  a function  of  axial  atomic  velocity.  Kuch 
structure  had  been  noted  in  previous  theories,  but  not  explained  on 
physical  grounds.  As  a related  calculation^,  we  were  able  to  predict 
the  position  for  multiphoton  Bloch-Siegert  resonances,  having  demonstrated 
the  mathematical  equivalence  of  the  traveling  wave  stationary  atom  Bloch- 
Siegert  and  the  standing  wave  moving  atom  laser  problems.  It  is  hoped 
that  the  GDAA  will  be  applied  to  more  complex  systems  to  provide  physical 
Insight  into  those  systems. 

B.  Collision  Fffects  in  Atonic  and  Molecular  Systems  - Many 

new  and  significant  results  were  obtained  in  this  area.  A basic  theory 

d.  G 

of  collision  effects  in  atonic  and  molecular  systems  ’ was  applied  to 
a number  of  experimental  situations.  In  certain  cases  the  theory  was 
used  to  exj)lain  experimental  results  \ hile  in  other  cases  the  theorj'^ 
was  developed  in  a fashion  that  suggests  new  types  of  experiments  which 
could  be  carried  out. 

The  theory  was  used  to  explain  the  Intensity  of  photon  echoes 
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as  a function  of  pulse  delay  for  vibrational  transitions  in  Ch^F.  ’ 

Since  the  transition  levels  in  Cii^F  experience  almost  equal  collision 

interaction  with  perturber  atoms,  a model  of  velocity -clianging  collisions 

was  assumed.  Such  a model  lends  to  an  echo  amplitude  that  varies  ex- 
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ponentially  as  -t  for  small  pulse  separations  t and  as  -t  for  longer  t, 
in  agreement  with  experiment.  The  photon  echo  experiment  is  tlie  most 
direct  evidence  to  date  for  velocity-changing  collisions  affecting  off- 
diagonal  density  matrix  elements.  From  the  data,  we  obtained  the  cross 
section  for  velocity-changing  collisions  and  the  mean  change  in  velocity 
per  collision.  Tliis  is  the  first  experiment  where  both  of  these  para- 
meters could  be  determined. 
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In  working  on  photon  echo  theory,  we  also  established  the  validity 

conditions  for  using  the  Fokker-Planck  equation  as  a weak  collision  limit 

c 

of  the  Boltzmann  equation.  ’ Especially  in  problems  involving  both 
radiation  and  collisions  or  in  problems  involving  initially  narrow  velocity 
distributions,  one  can  not  arbitrarily  tai;e  the  Foliker-Planck  limit  of  the 
Boltzmann  equation, ns  has  been  commonly  done. 

Of  considerable  interest  has  been  the  study  of  collision  effects 
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in  two  and  three  level  atomic  systems  subject  to  radiation  fields.  ’ One 
field  (pump)  excites  a specific  velocity  ensemble  of  atoms  on  a given 
transition  and  a second  field  (probe)  probes  the  same  or  a coupled  tran- 
sition. By  monitoring  tho  probe  absorption  as  a function  of  probe  de- 
tuning for  various  p-ump  detunings,  one  car.  obtain  information  on  the 
collisiorml  processes  occurring  in  the  various  levels.  Tlie  line  shapes 
can  he  used  in  two  fashions.  First,  systematic  line  shape  studies  can 
be  used  to  extract  data  on  both  the  differential  and  total  cross  section 
for  the  various  levels  of  the  transitions.  Thus,  excited  state  cross 
section  data  should  be  readily  available  hpr  the  first  time.  Eeconu,  the 

line  shapes  can  be  used  to  check  the  validity  of  various  theories  of 

0 

collision  effects  that  have  been  recently  proposed.  V.'e  believe  that, 
in  the  next  few  years,  nonlinear  optical  techniques  of  the  type  described 
above  will  find  an  ever  increasing  application  in  tlie  determination  of 
collision  cross  sections. 

C.  Resonance  Fluorescence  - A first  principle  calculation 
of  resonance  fluorescence  for  moving  atoms  excited  by  a monochromatic 
laser  was  carried  out.  The  frequency  spectrum  and  fluorescence  distri- 
bution were  determined,  supportion  the  notion  that  the  laser  absorption 
and  subsequent  spontaneous  emission  must  be  looked  at  as  a single  process. 
An  experiment  to  measure  the  atomic  recoil  in  fluorescence  was  proposed. 

D.  Pelf-Trapping  of  baser  Beams  - A moment-theoretical 
approach  to  the  theory  of  self  trapping  of  losers  in  plasmas  was  developed. 
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The  approach  led  to  a simple  formulation  In  which  the  effects  of  satu- 
ration, the  stability  of  propagation,  and  the  effects  of  an  active 
medium  could  be  explored.  It  was  found  that  a minimum  threshold  power 
was  needed  for  stable  beam  propagation. 


5*  Personnel 
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